ABSTRACT -Methylmercury (MeHg) and polychlorinated biphenyls (PCBs) are environmentally per--brains of dams and offspring mice maternally exposed to MeHg and/or PCBs. Pregnant mice (C57BL/6Cr) were assigned to one of four exposure groups: control, MeHg alone (MeHg in diet at 5 mg/kg as Hg), PCB alone (Aroclor1254 by gavage at the dose of 18 mg/kg body weight/3 days) and MeHg+PCB. Levels of MeHg and PCBs were measured in the whole brains of dams and offspring mice on postnatal day 21 (PND21) and at 9 weeks of age. Total mercury, MeHg and PCB congener concentrations were determined by CVAAS, GC-ECD and HRGC/HRMS, respectively. For the mercury concentrations, there were -lightly chlorinated (= 4CBs) homologues were lower for MeHg+PCB than for PCB alone, those of highly -position in dams and pups shifted to higher chlorinated homologues compared with the composition of administered Aroclor1254. For these reasons, further detailed studies are necessary to clarify the interactional effects of PCB metabolism after coexposure to MeHg and PCBs.
INTRODUCTION
Methylmercury (MeHg) is a ubiquitous environmental neurotoxicant (NRC, 2000) . The main route of exposure to MeHg is food, particularly the consumption of fish throughout the body, easily penetrating the blood-brain and placental barriers. The susceptibility of the developing central nervous system to MeHg is well established through epidemiological and experimental evidence.
Polychlorinated biphenyls (PCBs) are widespread environmental pollutants. Since the 1930s PCBs have been used commercially in dielectric and heat-exchange
Although the production of PCBs has been banned in most countries, they persist in the environment due to their chemical and thermal stability (Tanabe, 1988) , and their lipophilic nature has facilitated the bioaccumulation of these compounds and their metabolites in the food chain (Safe, 1994) . PCBs are also neurotoxic and occur et al., 1996) . Neurobehavioral and neurochemical effects of PCBs have been demonstrated by experimental investigations in animals exposed during the pre-or postnatal periods (Tilson and Kodavanti, 1997; Rice, 1999a; Sugawara et al., 2006) . Eriksson et al. (1997 Eriksson et al. ( , 2007 reported that certain persistent environmental contaminants, such as PCBs can induce developmental neurotoxic effects when these agents are present during a critical period of neonatal brain development. Several epidemiological studies have shown neurodevelopmental impacts caused by PCBs (Grandjean and Landrigan, 2006; Schantz et al., 2003; Stewart et al., 2000 Stewart et al., , 2003 Tatsuta et al., 2012) . Therefore attention has also been focused on the potential hazards resulting from combined environmental exposures to low levels of PCBs and MeHg (Grandjean et al., 2001; Longnecker et al., 2003) .
shown to act synergistically on the dopamine content in striatal brain punches by an in vitro study (Bemis and Seegal, 1999) . A recent in vivo study indicated that developmental coexposure of rats to both PCB153 (a congener of hexachlorobiphenyls) and MeHg can induce motor behavioral deficits (Roegge et al., 2004) . Changes in brain cholinergic muscarinic receptors are reported in both adult and immature rats after coexposure to PCB153 and MeHg (Coccini et al., 2006) . Fischer et al. (2008) found that neonatal coexposure to low doses of PCB153 -havior in mice. Coccini et al. (2006) investigated the effect of perinatal coexposure to PCB153 and MeHg in rats. They reported that it seemed to increase PCB153 concentrations in both the fat and brains of pups as compared to a group exposed to PCB153 alone. The same research group (Coccini et al., 2007) reported that rat pups perinatally co-exposed to -ly higher brain PCB levels than those exposed to PCB126 alone. Vitalone et al. (2008) also found that levels of PCB126 in the brains of pups given MeHg+PCB126 -ing PCB126 alone. However, those studies used only one PCB congener such as PCB126 or PCB153, whereas realworld exposure is to a mixture of many PCBs.
Therefore, we used Aroclor 1254 (A1254), which is -ously carried out a mouse experiment to examine the possible interaction between MeHg and PCBs via maternal (Sugawara et al., 2008) and conducted gene expression analysis (Shimada et al., 2010) in offspring mice. The latency indicated antagonistic interaction between MeHg and PCBs. Gene expression analysis revealed that coexposure resulted in a larger number of expressed genes, most of which were not expressed after exposure to either MeHg alone or PCB alone. However, little is known about the accumulation and proportion of PCB homologues in offspring mice due to maternal coexposure. Therefore, we investigated the accumulation of MeHg and PCBs in the brains of offspring mice maternally exposed to MeHg and/or PCBs.
MATERIALS AND METHODS

Animals, exposure and sampling
Experimental details were described in our previous report (Sugawara et al., 2008) . Briefly, 10-14 pregnant were assigned to one of the following exposure groups: 1) vehicle control, 2) MeHg alone, 3) PCB alone, and 4) MeHg+PCB. The MeHg-exposed groups were fed a diet containing MeHg (5 mg/kg as Hg) beginning 4 weeks prior to mating, and through the pregnancy and lactational periods. The PCB-exposed groups received a commercial mixture of PCBs known as A1254 at a dose of 18 mg/kg body weight (bw) in 10 ml/kg corn oil by gavage every 3 days from 5 days after mating through postnatal day (PND) 20. The day of parturition in the mornwas adjusted to 5-6 mice and approximately half the mice of both sexes were assigned for preweaning developmental assessment and postnatal behavioral tests (Sugawara et al., 2008) . The rest of the mice were subjected to a microarray gene expression experiment (Shimada et al., 2010) and for this report. The offspring mice were weaned on PND 21. Thereafter, they were Maternal and offspring mice were killed by decapitation at weaning (dams and 3-week-old pups [PND21]) and as adults (9-week-old pups [9wk] ) to obtain whole brains analysis of the MeHg or PCB concentration. These samples were stored at -20ºC until analysis.
Mercury analysis
alone or MeHg+PCB) group were used for analysis of mercury. Sample analyses for total Hg (THg) and MeHg (Minamata, Japan). THg was measured by cold vapor atomic absorption spectrometry (CVAAS, HG-201, Sanso Seisakusho Co. Ltd., Tokyo, Japan). The analytical method of CVAAS has been described elsewhere (for details, Vol. 38 No. 5 see the Mercury Analysis Manual [Ministry of the Environment, 2004] ). Briefly, the method involves sample 3 4 (1:1), and H 2 4 (5) at 200-230ºC for 30 min, followed by reduction to elemental Hg vapor by adding 10% SnCl 2 . MeHg in samples was measured by gas chromatography with electron capture detection (GC-ECD) (Akagi et al., 2000 , for details, see the Mercury Analysis Manual [Ministry of the Environment, 2004] ). The method involves sample digestion with -ditions, the fatty content was removed using n-hexane. After extraction with dithizone-toluene, MeHg was back--cation with 1N HCl solution. MeHg was then re-extracted with a small portion of dithizone-toluene. The extract by GC-ECD (GC-2700, Yanaco Technical Science Co., Ltd., Tokyo, Japan). Accuracy was ensured using a cerby the NRC, Canada) as the quality control material; the THg (MeHg) was determined to be 3.25 μg/g (1.61 μg/g) as compared to the recommended value of 3.37 ± 0.14 -by the NRC, Canada), and the THg (MeHg) was determined 4.40 μg/g (4.29 μg/g) as compared to the recommended value of 4.64 ± 0.26 μg/g (4.47 ± 0.32 μg/g).
Analysis of PCBs
The mice from both groups (PCB alone; n = 6 and MeHg+PCB; n = 4) were used for analysis of PCBs.
for all 209 PCB congeners by high-resolution gas chromatography/high-resolution mass spectrometry (HRGC/ HRMS) using the isotope dilution method. Laboratory analytical methods and quality control procedures were described elsewhere (Nakamura et al., 2008) . Sample tissues were pretreated with an alkaline solution. HRGC/ HRMS analysis was conducted on a 6890 series GC (Agilent Technology, Santa Clara, CA, USA) equipped with an Autospec Ultima (Micromass, Manchester, UK). -lyzed tissues. The total PCBs (TPCB) concentration was the sum of all the measured congeners (the targets were 209 congeners), and each PCB homologue concentration from mono-to deca-chlorinated homologues (1CBs-10-CBs) was the sum of the pertinent congener, expressed as ng/g-wet. The data quality was validated using the German external quality assessment scheme (program No.40 and 42) . The concentrations of TPCB in the diet and corn oil were 3.8 ng/g and 0.49 ng/g, respectively. The TPCB concentrations were much lower than with A1254 administration. Therefore PCB exposure from the diet and corn oil was negligible.
Statistical analysis
Data are presented as the mean ± S.D. (n = 4-6). Concentrations of THg, MeHg and PCBs were analyzed using the Student's t-test (MeHg or PCB alone vs. MeHg+PCB).
USA) was used to analyze the data.
RESULTS
Accumulation of methylmercury
THg and MeHg levels in the whole brains and livers of dams and pups are shown Brain THg (μg/g-wet) 6.2 ± 1.9 7.6 ± 2.4 1.0 ± 0.4 2.0 ± 1.3 0.03 ± 0.01 0.05 ± 0.01** MeHg (μg/g-wet) 5.1 ± 1.3 6.0 ± 1.8 0.9 ± 0.3 1.8 ± 1.2 0.02 ± 0.01 0.04 ± 0.01* Me/T (%) 84 ± 8.8 81 ± 10 92 ± 6.0 90 ± 8.0 87 ± 13 83 ± 15
Liver THg (μg/g-wet) 8.1 ± 2.7 9.6 ± 4.6 1.4 ± 0.7 2.7 ± 1.9 0.02 ± 0.02 0.03 ± 0.01
MeHg (μg/g-wet) 6.4 ± 1.8 8.5 ± 4.1 1.2 ± 0.7 2.5 ± 1.8 0.02 ± 0.01 0.02 ± 0.01
Me/T (%) 81 ± 13 89 ± 6.7 81 ± 10 84 ± 12 76 ± 16 64 ± 24
for more than 80% of THg in the whole brain and liver. -ent between the MeHg alone and MeHg+PCB groups at weaning in dams and pups. For 9wk pups, the concentrations of both THg and MeHg were two orders of magnitude lower at PND21. THg and MeHg in the MeHg+PCB brain of the 9wk pup group were higher than for MeHg alone.
Accumulation of PCB homologues
Levels of TPCB and PCB homologues (CBs) in whole brains of dams and pups are shown Table 2 . The -ferent between the PCB alone and MeHg+PCB groups. levels than PCB alone in the whole brain. Although on PND21 the levels of lightly chlorinated (= 4CBs) homologues was lower for MeHg+PCB than for PCB alone, those of highly chlorinated (>= 5CBs) homologues were alone and MeHg+PCB. However, levels of the other PCB groups. The ratios of concentrations (PND21/9wk) ranged from 5.3 (7CBs) to 9.2 (5CBs) in PCB alone, while these ratios of MeHg+PCB ranged from 18.4 (7CBs) to 10.7 (5CBs). Decrease in PCB levels of MeHg+PCB was more rapid than PCB alone.
Accumulation of 4,4'-chlorinated congeners
4,4'-Chlorinated congeners have high toxicity and in the groups exposed to PCB alone and MeHg+PCB. Those congeners shown in Table 3 , that accounted for more than 1% of TPCB, were selected. They were com-PND21, the group with PCB alone had higher congener levels of #74+61 and #66+80 than that with MeHg+PCB. For congeners more chlorinated than 5 (>= 5CBs), the PCB alone (for details, see Table 3 ). Those congener levdifferent between PCB alone and MeHg+PCB.
Compositions of PCB homologues
The compositions of PCB homologues in the dam and pup brains were compared with A1254. For A1254, pentachlorobiphenyls (5CBs) had the highest composition (53.2% of total) among the homologues, followed by hexachlorobiphenyls (6CBs, 26.1%), tetrachlorobiphenyls (4CBs, 16.5%), heptachlorobiphenyls (7CBs, 2.7%) brain, the PCB composition shifted to more highly chlorinated homologues. The mean content of 6CBs was the highest (PCB alone 40.6%, MeHg+PCB 41.5%) among the homologues, followed by 5CBs (PCB alone 38.2%, MeHg+PCB 38.2%), 7CBs (PCB alone 10%, MeHg+PCB 10.5%) and 4CBs (PCB alone 9.9%, MeHg+PCB 8.3%). TPCB concentrations of control group in brain (n = 2): Dam 3.65ng/g-wet, PND21 1.5ng/g-wet, 9wk 0.29ng/g-wet.
Vol. 38 No. 5 to higher chlorinated homologues. The mean content of 6CBs was the highest (PCB alone 48.9%, MeHg+PCB 54.2%) among the homologues, followed by 5CBs (PCB alone 40.1%, MeHg+PCB 37%), 7CBs (PCB alone 7%, MeHg+PCB 7.3%) and 4CBs (PCB alone 3.5%, MeHg+PCB 1.1%).
DISCUSSION
alone in the brain of offspring mice maternally exposed to a PCB mixture (A1254). Taking advantage of using a mixture and analyzing all 209 PCB congeners, our results provided new data about the accumulation and composiof highly chlorinated (>= 5CBs) homologues in offspring mice with coexposure were higher than in those exposed to PCB alone and that (2) the PCB composition of both dams and pups shifted to higher chlorinated homologues compared with A1254. Previous coexposure studies administered only a congener (PCB153 or PCB126). Their results are summarized in Table 4 with concentrations of THg and our congener--ing regimens were different from ours, the THg concentrations in the pup brain at PND21 (or 22 in one case) were comparable. All reported that coexposure seemed to increase PCB concentrations in the pup brain as compared to a group exposed to PCB alone. The ratios of concentrations (MeHg+PCB/PCB alone) ranged from 1.6 (Coccini et al., 2006 ; female) to 2.6 (Coccini et al., 2006; male) among these studies. Considering that the dosing regimen and animals used were different, the ratios are chlorinated congener and PCB126 is non-ortho. Therefore, increased accumulation with MeHg coexposure was results, shown in Tables 2 (TPCB and homologues with differential chlorination) and 3 (different 4,4' chlorinated mechanism for the increase of PCBs caused by coexpo---olism. Rats and mice exposed to 2CBs, 3CBs, 4CBs, or Table 3 . Concentrations of 4,4'chlorinated congeners in brains of dam and offspring mice (ng/g-wet). These congeners, which accounted for more than 1% of TPCB, were selected. They were compounds located at the 4,4'-chlorine position (ng/g-wet). 5CBs, eliminate metabolites as glutathione (GSH) conlevel of CYP1b1 after coexposure was lower than after exposure to MeHg or PCB alone (Shimada et al., 2010) . The CYP1b1 gene encodes a member of the cytochrome P450 superfamily. The down-regulation of this gene in although there was no difference between MeHg+PCB and PCB alone for lightly chlorinated homologues (=< 4CBs). -ferent between the PCB alone and MeHg+PCB groups, and those of maternal brains were not in our data. Lactational exposure to MeHg resulted in decreased levels of GSH in the pup cerebellum compared to the control -ly increased levels of GSH in the cerebella of suckling mice (Franco et al levels of GSH resulted in less elimination of PCBs and more persistence in pup brain.
blood-brain barrier (BBB), the entry of non-ortho-substituted PCBs is largely restricted (Ness et al., 1994; Saghir et al., 2000; Tampal et al., 2003) . However, our results and others showed that the ratios of the concentrations (MeHg+PCBs/PCB alone) seem to be common among different congeners of PCBs, so it is not likely that restriction by the BBB is mainly responsible for the differential PCB accumulation between MeHg+PCBs and PCB alone.
Recently, PCB accumulation (or elimination) was reported to be associated with multidrug resistance proteins (MDR) such as P-glycoprotein and Mrps (Bonfanti et al., 2009; Milanowski et al., 2010) but not with MDR transporter-1 (Tampal et al., 2003) . Bridges et al. (2012) suggested that Mrp2 might be involved in the export of "mercuric ions" (they administered a CH 3 [ 203 Hg 2+ ] compound and erroneously described as "mercuric ions", but the compound is considered to be MeHg ions or their S-conjugates) from maternal and fetal organs following exposure to MeHg. GSH offers neuroprotection against MeHg toxicity in a manner dependent on Mrp1-mediatet al., 2012) . Thus, involvement of these MDRs needs to be further investigated in experimental studies.
PCB analysis showed that A1254 contained 4.44% (w/w) PCB153 and 0.0039% (w/w) PCB126. Thus the daily amounts of PCB153 and PCB126 administered in our study were 0.27 mg/kgbw and 231 ng/kgbw, respectively. Compared with the daily dose (100 ng/kg) of PCB126 in the experiments done by Coccini et al. (2007) and Vitalone et al. (2008) , the dose of our experiment was slightly larger. However, the accumulation of PCB126 in the brain differed by two orders of magnitude. There was also difference of two orders of magnitude in PCB153 accumulation between the experiments of Coccini et al. (2006) and ours. The daily dose used by Coccini et al. (2006) was 75 times larger than in our study. However the duration of theirs was shorter and the time length between termination of dosing and determination of PCB was longer. Rice (1999b) reported an experiment in which pregnant rats were dosed with 250 ng/kg/day PCB126 from Monday to Friday beginning 5 weeks before and continuing through gestation and lactation, and the PCB concentration of the offspring brain was 0.046 ± 0.01 ng/g -ments each congener existed among large amounts of other congeners. Does this have a huge effect on accumulation of each congener of interest? Did the different animal species used in these experiments bring about the differmoment.
concerning PCB exposure. Nakamura et al. (2008) permaternal blood, cord blood and breast milk in a prospective cohort study (The Tohoku Study of Child Development, [Nakai et al., 2004] ) in Japan. By congener-spepredominant congeners of PCBs were #118, #138, #153 and #180, which accounted for about 50% in each specimen. The 6CBs had the highest contents in these speciexperiment, these congeners (#118, #138, #153 and #180) accounted for about 40% in dams, and for 50-60% in pups. The 6CB contents were also the highest in dams and pups, corresponding to the PCB composition in humans under general environmental exposure. Although the PCB contents in food for humans are unclear, it is considered that the PCB compositions in humans and mice resemble MeHg and PCBs increases PCB accumulation in humans via general environmental exposures.
